Soybean soluble polysaccharides (SSPS) extracted from soybean cotyledons are acidic polysaccharides and have a pectin-like structure. The results of a structural analysis of SSPS by using polygalacturonase (PGase) and rhamnogalacturonase (RGase) clariˆed that the main backbone consisted of galacturonan (GN) and rhamnogalacturonan (RG), which were composed of the diglycosyl repeating unit, -4)-a-D-GalpA-(1ª2)-a-LRhap-(1-. The side chains of b-1,4-galactans, branched with fucose and arabinose residues, were linked to the C-4 side of rhamnose residues in the RG regions. The degree of polymerization (dps) of GN, which linked the RG regions together, was estimated to be about 4-10 residues, and some were modiˆed with xylose residues on the C-3 side of the galacturonates. The dps of GN at the reducing end of SSPS was estimated to be about 7-9 residues. Moreover, the fragment of the basic structure of the RG region, -[4)-a-D-GalpA-(1ª2)-a-L-Rhap-(1-] 2 -, some of which had long-chain b-1,4-galactans branched on the C-4 side of rhamnose residues, were liberated from SSPS by the RGase treatment. The dps of the galactan side chain was estimated to be about 43-47 residues by an analysis of the digestion products from the b-galactosidase treatment.
Soybean soluble polysaccharides (SSPS) extracted from soybean cotyledons are acidic polysaccharides and have a pectin-like structure. The results of a structural analysis of SSPS by using polygalacturonase (PGase) and rhamnogalacturonase (RGase) clariˆed that the main backbone consisted of galacturonan (GN) and rhamnogalacturonan (RG), which were composed of the diglycosyl repeating unit, -4)-a-D-GalpA-(1ª2)-a-LRhap-(1-. The side chains of b-1,4-galactans, branched with fucose and arabinose residues, were linked to the C-4 side of rhamnose residues in the RG regions. The degree of polymerization (dps) of GN, which linked the RG regions together, was estimated to be about 4-10 residues, and some were modiˆed with xylose residues on the C-3 side of the galacturonates. The dps of GN at the reducing end of SSPS was estimated to be about 7-9 residues. Moreover, the fragment of the basic structure of the RG region, -[4)-a-D-GalpA-(1ª2)-a-L-Rhap-(1-] 2 -, some of which had long-chain b-1,4-galactans branched on the C-4 side of rhamnose residues, were liberated from SSPS by the RGase treatment. The dps of the galactan side chain was estimated to be about 43-47 residues by an analysis of the digestion products from the b-galactosidase treatment.
Key words: soybean; polysaccharides; pectin Soluble soybean polysaccharides (SSPS) extracted from soybean cotyledons are composed of D-galactose, L-arabinose, D-galacturonic acid, and L-rhamnose, and like pectins, acidic polysaccharides are contained in abundance in the peel of citrus fruits. However, the contents of neutral monosaccharides in soybean polysaccharides are much larger than those of pectins.
The arabinogalactan structure (Ara W Gal＝1 W 2) has been reported as the main component of hot watersoluble polysaccharides from defatted soybeans. [1] [2] [3] [4] [5] In a mild acid or enzymatic hydrolysate of soy sauce acidic polysaccharides, the a-1,4-linked dimer and trimer of D-galacturonic acid, b-1,4-galactobiose, oligosaccharides composed of D-galactose and Larabinose (in a molar ratio of 2:1), Xyl b1ª3 GalA, Xyl b1ª3 GalA a1ª4 GalA, and GalA 1ª2 Rha 1ª4 GalA 1ª2 Rha have all been found. 6) These results only indicate the partial structures of soluble soybean polysaccharides, digested non-speciˆcally, and the overall molecular construction has not been identiˆed.
The results of stepwise enzymatic hydrolysis with hemicellulase and polygalacturonase indicate that the main backbone of SSPS is composed of RG regions which were linked with GN regions, the numbers of GlaA-Rha repeating units being 15, 28, and 100. Of the arabinose residues, 94z are present as a-1,3-or a-1,5-arabinans, and 89z of the galactose residues are present as b-1,4-galactans and linked to the Rha residues of the RG backbone. Moreover, the galactan chains are modiˆed with arabinose, xylose, fucose, and glucose at the sites close to the RG regions. 7) However, details of the structures of the RG regions linked to the neutral sugar side chains and of GN regions linked to these RG regions remain to be identiˆed.
In order to clarify the additional structural motifs of soybean soluble polysaccharides, we used stepwise enzymatic hydrolysis with rhamnogalacturonase (RGase), which is an endo-type enzyme speciˆc for Rha residues of the RG regions, and rhamnosidase (RPase), which is an exo-type enzyme speciˆc for Rha residues of the RG regions, as well as four kinds of hemicellulases and a pectinase. The products of each degradation step were puriˆed and analyzed for their sugar composition, linkage, digestion with glycosidases, and molecular mass by FAB-MS. Several structural motifs of the RG backbone with a galactan chain were found, and the actual lengths of the GN regions and galactan chains were measured.
Materials and Methods
Soybeans. The soybeans used in this study were Glycine max L. crops harvested in 1994 fromˆelds in Indiana, Ohio, and Michigan States of the U.S.A.
Enzyme assays. a-L-Arabinosidase activity was assayed at pH 4.0 and 309 C with 2.5 mM p-nitrophenyla-L-arabinoside as the substrate in a 30 mM sodium acetate buŠer containing 0.2 mg W ml of bovine serum albumin by the method of Pressey.
8) The reaction was stopped by adding an equal volume of 0.5 M Na2CO3, and the p-nitrophenol released was measured as the A405 value. One enzyme unit is deˆned as the amount needed to catalyze the formation of 1 mmol of pnitrophenol per min. The b-D-galactosidase and a-Dfucosidse activities were assayed under the same conditions, except for the respective use of pnirophenyl-b-D-galactoside and p-nirophenyl-a-Lfucoside as the substrates.
The b-D-galactanase, a-L-arabanase, a-L-rhamnosidase, rhamnogalacturonase, and polygalacturonase activities were respectively assayed at pH 4.0 and 359 C with 0.2z lemon peel b-1,4-galactan (Sigma-Aldrich Fine Chemicals), beet pulp a-1,3-and a-1,5-arabinan, 9) apple rhamnogalacturonan, 10) and lemon peel pectinate.
11) The increase in reducing sugars was measured by a modiˆcation of the Somogyi method. 12) One enzyme unit is deˆned as the amount that catalyzed the formation of 1 mmol of reducing sugars per min.
Preparation of enzymes. Endo-a-(1ª4)-polygalacturonase (Endo-PG) was puriˆed from Kluyveromyces fragilis by the a‹nity chromatography procedure of Inoue et al.
13)
b-D-galactosidase (GPase) was puriˆed from persimmon pulp, which contains many cell wall-degrading enzymes, according to the method of Nakamura et al. 7) The puriˆed GPase could only hydrolyze b-1,4-galactan to give the galactose monomer. The enzyme fraction had no glucosidase, a-mannosidase, b-xylosidase, a-fucosidase, a-arabinosidase, or arhamnosidase activity. Digestion of lemon pectate with this enzyme resulted in no mono-or oligosaccharides other than galactose being released.
The a-L-arabinosidase, a-L-arabanase, and b-Dgalactanase enzymes used in this study were prepared from the commercial enzyme, hemicellulase M, from Aspergillus niger (kindly presented by Tanabe Pharmaceutical Co. Ltd., Osaka, Japan). a-L-Arabinosidase (AFase) and a-L-arabanase (ANase) were puried according to the method of Nakamura et al.
7)
b-D-Galactanase (GNase, speciˆc for b-1,4-galactan) was puriˆed according to the method of Yamaguchi et al. 14) The puriˆed AFase and ANase samples had no other hemicellulase activity and could respectively hydrolyze a-1,3-and a-1,5-arabinan to give the arabinose monomer, and a-1,5-arabinan to give arabinooligosaccharide. 15, 16) a-L-Rhamnosidase (RPase) and rhamnogalacturonase (RGase) were puriˆed from the commercial enzyme, Pectinex Ultra SP-L, from Aspergillus aculeatus (kindly presented by Novo Nordisk A W S, Denmark) by the method of Mutter et al. 17) and Schols et al. 18) Among the four kinds of RPases found in the commercial enzyme preparation, an enzyme of pI 5.4 could only hydrolyze rhamnose residues, which were present at the non-reducing end of RG and linked to galacturonic acid, to give the rhamnose monomer. RPase prepared by the method of Mutter et al. contained a little PGase and GPase activity. These contaminating enzymes were separated from RPase by butyl-Toyopearl chromatography. Digestion of rhamnogalaturonan with puriˆed RGase resulted in no rhamnose and galacturonic acid being released, other than oligosaccharide consisting of rhamnose and galacturonic acid.
Driselase (Kyowa Hakko Kogyo Co, Ltd.), a product containing many polysaccharide-hydrolyzing enzymes from a basidomycete ( Irpex lacteus), was used to almost completely hydrolyze SSPS and citrus pectins. The enzyme solution was prepared by the method of Matsuhashi et al.
19)
Extraction and puriˆcation of soybean soluble polysaccharides (SSPS). Soybean cotyledons (beans), after the hulls and hypocotyls were removed, were powdered and defatted at 409 C with 5 vol. of nhexane. The proteins and water-soluble substances in the defatted meal were extracted twice at 509 C and pH 7.0 for 1 h with 11 vol. of water. 20) From the residue (okara), SSPS was extracted with water by heating at 1009 C and pH 4.0-5.0 for 3 h. After the insoluble materials were removed by centrifuging at 8000×g for 20 min, the extract was dialyzed against deionized water. Polysaccharides were precipitated by adding an equal volume of ethanol, and the collected precipitate was successively washed with 80, 90, and 99z ethanol, and then with acetone.
Crude SSPS (4.8 g W 120 ml) was put at 49 C onto a DEAE-Toyopearl column (5 cm×25 cm) which had been equilibrated with a 10 mM NaHCO3 solution at pH 8.0, and eluted stepwise with 50 mM NaHCO3 (1500 ml), 100 mM NaHCO3 (1500 ml), 100 mM Na2CO3 (1500 ml), and 100 mM NaOH (1500 ml). Total sugars and uronic acids in the fractions were respectively monitored by the phenol-sulfuric acid method 21) and carbazole-sulfuric acid method. 22) Of the acidic polysaccharides eluted with 100 mM Na2CO3, 1.2 g was dissolved in 10 ml of a 50 mM sodium acetate buŠer at pH 5.0, and then put onto a Sephacryl S-400HR gel column (2.4 cm×96 cm) that had been equilibrated with the same buŠer. The main peak fractions of high molecular masses were pooled, dialyzed, freeze-dried, and used as puriˆed SSPS.
Preparation of SSPS backbone (SSPS H1). The galacturonan main backbone of SSPS was prepared by the method of Nakamura et al. 7) Puriˆed SSPS (a 2z solution in 10 ml) treated by the combination of the four types of hemicellulases, AFase, ANase, GPase, and GNase (200 munits W ml), was put onto a Sepharose CL-4B gel-ˆltration column (1.5 cm× 90 cm) that had been equilibrated with 100 mM sodium acetate buŠer at pH 5.0. Three distinct polysaccharide peaks (designated H1 (MW＝154,000), H2 (MW＝44,500), and H3 (MW＝14,100)) were obtained, in addition to arabinose and galactose monomers. These fractions were pooled, dialyzed, and freeze-dried, and the H1 fraction (29z of puried SSPS) was used for the structural analysis.
Analysis of sugar compositions. The polysaccharide samples were enzymatically hydrolyzed by Driselase to measure the galacturonate contents. A solution containing 0.1z polysaccharide and 0.1z glycerol (as an internal standard) in a 50 mM sodium acetate buŠer at pH 4.0 was hydrolyzed at 359 C for 48 h with 100 units W ml of Driselase. After passing the reaction solution through a Millipore Molcut II GĈ lter, theˆltrate was directly analyzed by HPLC on a Shodex SUGAR SH-1821 column by the method of Matsuhashi et al.
15)
A polysaccharide (0.1z) was hydrolyzed at 1219 C for 2 h in 2 M tri‰uoroacetic acid for an analysis of the neutral sugars. After the acid was removed by evaporation, the hydrolysate wasˆltered through a Millipore Molcut II GCˆlter, desalted, and analyzed by HPLC as a borate complex on a TSKgel SUGAR AXI column in the presence of ethanolamine.
23)
Linkage analysis of oligosccharides. The isolated oligosaccharides were methylated with sodium methylsulˆnyl carbanion by the modiˆed micro-scale method of Hakomori. 24, 25) Per-O-methylated carbohydrates were hydrolyzed at 1009 C for 4 h in 2 M tri‰uoroacetic acid under nitrogen gas. After the acid was removed by evaporation with methanol, the sugars were reduced with 1z sodium borodeuteride at room temperature for 2 h. The reaction was stopped by adding 5 M acetic acid, and the solution was dried with methanol. The partially O-methylated alditols were acetylated overnight at room temperature in methanol (1.0 ml), pyridine (0.2 ml), and acetic anhydride (0.2 ml). The resulting partially O-methylated alditol acetates were examined by gas-liquid chromatography-mass spectrometry (GC-MS). The GC analysis was done in a 3z OV-17 column (3.0 m× 4.0 mm i.d.) with a temperature program of 5 min at 1509 C, and then 150-2509 C at 59 C W min. The GC-MS analysis was done with a Hewlett-Packard GC-MS system (model 5980A) coupled to a HewlettPackard data system (model 5933A). All of the GC ‰ame-ionization responses to partially methylated alditol acetates were corrected to mol responses as described by Sweet et al.
26)
Preparation of oligosaccharides derivetized with ethyl p-aminobenzoate (ABEE). The molecular masses of some oligosaccharides that had been digested from SSPS H1 by the enzymes could not be well detected by FAB-MS done in the positive-ion mode with glycerol as a matrix, and the reducing end was converted with ABEE. 27, 28) About 10 mg-1 mg of an oligosaccharide was mixed with 10 ml of water and 40 ml of the reagent mixture (made by mixing 1 mmole of ABEE, 35 mg of sodium cyanoborohydride, 41 ml of glacial acetic acid, and 350 ml of methanol) in a Te‰on-lined screw-capped tube, and the mixture reacted at 809 C for 30 min. After cooling, 1 ml each of water and chloroform were added, and the contents were mixed. The sugar derivatives were partitioned into the aqueous phase and then recovered for the subsequent analysis. The converted oligosaccharides were passed through a Millipore Molcut II GCˆlter and then separated from the unreacted ABEE reagents by HPLC on a Deverosil ODS T-5 column (4.6 mm×150 mm, Nomura Chemicals, Japan) using a 10z acetnitrile solvent containing 0.1z TFA with a gradient of 10-30z acetnitrile in 30 min and at a ‰ow rate of 1 ml W min. The converted oligosaccharides were monitered by their absorbance at 310 nm. The puriˆed ABEE-oligosaccharides were pooled and used for the mass analysis.
Fast atom bombardment-mass spectrometry (FAB-MS). FAB mass spectra of the native and ABEE-oligosaccharides were obtained with a Joel HX-100 double-focusing mass spectrometerˆtted with an 18.8-kilogauss magnet and FAB ion source. A 0.5-1-ml portion of a sample (1-10 mg W ml) was transferred to the stainless steel sample plate of the instrument and mixed with 0.5-1 ml of glycerol. The sample plate was inserted into the FAB source. Fast atom bombardment was generated by a xenon neutral beam accelerated with a 7 keV potential. A data processor (Joel JMA-3100 mass data analysis system) was used for acquiring the mass spectra. Mass was assigned by using a mixture of CsI and KI (1:2, w W w) as the mass reference. (A) Sepharose CL-4B gel-ˆltration chromatography of the H1 and PGase-treated H1. PGase-treated H1 was separated into three fractions. Fraction numbers 68-100, 110-126, and 130-155 were pooled and are designated H1P1, H1P2, and H1P3, respectively. , SSPS H1; , PGase-treated H1; Vo, void volume; Vi, internal volume.
(B) Gel-ˆltration chromatography of the RGase-treated H1P1 fraction. RGase-treated H1P1 (200 mg in 10 ml of a 50 mM sodium acetate buŠer at pH 5.0) was put into a Bio-gel P-4 column (2.0 cm×120 cm) that had been equilibrated with the same buŠer. The ‰ow rate was 0.2 ml W min, and 3-ml fractions were collected. Fraction numbers 32-56, 65-82, 91-112, 116-124, and 128-148 were pooled and are respectively designated as H1P1R1, H1P1R2, H1P1R3, H1P1R4, and H1P1R5.
(C) Reverse-phase HPLC of the ABEE derivetized oligosaccharides. RGase-treated H1P1R2, H1P1R3, H1P1R4, and H1P1R5 were derivetized with ABEE. The resulting derivatives were separated from the excess reagent by reverse-phase HPLC under the following operating conditions: column, Develosil ODS-T5 C 18 -HG5 (4.6 mm×150 mm, Nomura Chemicals, Aichi Japan); column temperature, 309 C; mobile phase, linear gradient of an aqueous acetonitrile mixture with 0.1z TFA from 10 to 30z CH 3 CN in 30 min; ‰ow rate, 1.0 ml W min; detection, UV (abs. at 310 nm; range of 1 W 16E-5); injection volume, 100 ml. The ABEE derivetized oligosaccharide peaks, R3m, R4m, and R5m indicated by arrows, were pooled.
Results

Preparation and structural analyses of rhamnogalacturonans in SSPS backbone chains
The sugar compositions of galactose and arabinose in SSPS were 55z and 21z, and were respectively composed of long side chains of SSPS as galactans and arabinans. The main chain core units remained after digesting almost all the component sugars of the side chains with hemicellulase (b-D-galactosidase, b-D-galactanase, a-L-arabinosidase, and a-Larabanase) treatments. We used the H1 fraction, which was the predominant component of the SSPS main chain having the highest molecular mass and homogeneity, for the structural analysis. The GN region of the main chain was digested with pectinase (endo-PG), and the fragments released were fractionated by gelˆltration (Fig. 1A) . Three distinct fractions were obtained, their sugar compositions being summarized in Table 1 . The molar ratios of GalA W Rha were respectively 1.4, 1.0, and 1.6 in H1P1, H1P2, and H1P3, suggesting that the main chain of SSPS was composed of rhamnogalacturonan structures. The highest molecular mass fraction, H1P1, which was estimated to be composed of 100 residues of rhamnose by the analytical data of molecular mass and sugar compositions, was used for an analysis of the detailed structure.
H1P1 was digested with rhamnogalacturonase, which is speciˆc for the galacturonosyl residues linked to the C-2 site of rhamnose composing the RG region, and the resulting hydrolysates were fractionated by gelˆltration (Fig. 1B) . The sugar compositions of theˆve fractions, H1P1R1 (MW＝8,000), H1P1R2 (MW＝3,500-4,800), H1P1R3 (MW＝ approx. 2,800), H1P1R4 (MW＝approx. 1,800), and H1P1R5 (MW＝approx. 1,400) are shown in Table 1 .
The glucose contents of the H1P1R1 and H1P1R2 fractions, and xylose contents of the H1P1R1 were characteristic for pectic RG, which was generally composed of little glucose and xylose residues. The solid obstacle caused by modiˆcation of the RG regions with these neutral sugars is presumed to have given the RG regions resistance to rhamnogalacturonase. Analytical data for the linkage (Table 1) suggests that H1P1R1 and H1P1R2 contained three types of rhamnose residues: 1-linked rhamnose (non-reducing terminal), 1,2-linked rhamnose, and 1,2,4-linked rhamnose. In H1P1R3, H1P1R4 and H1P1R5, equal numbers of reducing-end rhamnose and 1,2,4-linked rhamnose, and appoximately equal numbers of rhamnose and galacturonic acid were present. Partial acid hydrolysis of H1P1R3 indicated that various fragments of (Ara)2, (Gal)2Ara, (Gal)3Ara, (Gal)3Fuc, (Gal)4, (Rha)2(GalA)2, (Rha)2(GalA)2GalAra, (Rha)2(GalA)2(Gal)2, and (Rha)2(GalA)2(Gal)2 comprised of H1P1R3 (data not shown).
The low-molecular-mass fragments of H1P1R2, H1P1R3, H1P1R4, and H1P1R5 were modiˆed with ABEE at their reducing ends, and further puriˆed by reverse-phase HPLC (Fig. 1C) . The H1P1R2 was composed of at least seven oligosaccharide fragments, and the main fractions of higher molecular mass, which eluted at 13.5-14.0 min, could not be well fractionated. The main fractions of these fragments (R3m, R4m, and R5m) were analyzed by FAB-MS (Fig. 2) . The structures, which were deduced from the linkage analysis and FAB-MS fragmentation pattern, comprised the basic RG component of -Rha-(1ª4)-GalA-(1ª2)-Rha-(1ª4)-GalA, and the inner rhamnose was branched at C-4 by galactose. The galactan side chain was suggested to be branched by arabinan. The most complicated structure of R3m was further digested by stepwise enzymatic degradation with various glycosidases, and the generated fragments were analyzed by FAB-MS. The R3m was treated stepwise in turn with the glycosidases, b-galactosidase, a-fucosidase, b-galactosidase, aarabinosidase, b-galactosidase, and a-rhamnosidase, and the resulting hydrolysates were analyzed by FAB-MS (Fig. 3) . The R3m fraction could be digested stepwise, and the detailed structure, based on enzyme speciˆcity, was clariˆed. The main chain of galactan was composed of a b-1,4-linked hexamer, which was branched at C-4 of the rhamnose residue comprising the RG fragment, and the second, fourth and sixth galactose residues from the non-reducing end had side chains at the C-6 site. The second galac- (B) The H1R3 fraction (a 0.5z solution in a 10 mM NH 4 HCO 3 solution at pH 8.0) was put on a QAE-Sephadex A-50 column (1.5 cm×10 cm) that had been equilibrated with the same buŠer, and the column was washed with the same NH 4 HCO 3 solution. The bound polysaccharides were eluted with a linear gradient of NH 4 HCO 3 from 0.01 M (210 ml) to 0.6 M (210 ml). The ‰ow rate was 0.2 ml W min, and 3.0 ml fractions were collected. Fraction numbers 1-18 (H1R3Q1), 36- (C) The H1R3Q9 fraction (a 0.5z solution in deionized water) was put on a DEAE-Sephadex A-25 column (1.5 cm× 10 cm) that had been equilibrated with water. The bound polysaccharides were eluted with a linear gradient of formic acid from 0.0 M (270 ml) to 2.0 M (270 ml). The ‰ow rate was 0.2 ml W min, and 3.0-ml fractions were collected. tose residue from the non-reducing terminal was branched by a-fucose, and the fourth or sixth residues branched by a-Ara-(1ª5)-a-Ara or a-Ara. The RG unit of Rha-(1ª4)-GalA-(1ª2)-Rha-(1ª4)-GalA was composed of a-rhamnose residues. This same structure was indicated after a diŠerent order of glycosidases treatment, a-fucosidase, b-galactosidase, a-arabinosidase, b-galactosidase, and a-rhamnosidase (data not shown). These results suggest that the main backbone of SSPS was composed of a RG structure which had the diglycosyl repeating unit ª2)-Rha-(1ª4)-GalA-(1ª. The results of the methylation analysis for H1P1R1 and H1P1R2 indicate that one of 2.5-3.0 rhamnosyl residues was branched at a C-4 by a side chain, and the clariˆed structures of R3m, R4m, and R5m indicate that half of the rhamnosyl residues were branched at C-4.
Preparation and analyses of galacturonans in SSPS backbone chains
SSPS H1, which released almost the all sugars comprising the side chains, was directly digested with RGase without any pre-treatment with pectinase, and homogalacturonan was prepared (Fig. 4A) . Three distinct polysaccharides were obtained and sugar compositions being shown in Table 2 . The molar ratios of GalA W Rha in H1R1, H1R2, and H1R3 were 1.4, 1.1, and 1.6, respectively. H1R3, which had a lower molecular mass (º5,000) and was rich in GalA content, was further puriˆed by ion-exhange chromatography on a QAE-Sephadex A-50 column, and nine fractions, H1R1Q1-H1R1Q9, were obtained (Fig. 4B) . The sugar compositions of each fraction (Table 2) indicate that RG was the main component in almost all the fractions, but the GalA W Rha ratios in H1R3Q5 and H1R3Q9 were 2.6 and 4.9, respectively. H1R3Q9, which had the highest GalA content, was separated into nine fractions on a DEAESephadex A-25 column (Fig. 4C) , and the results of the sugar composition analysis and linkage analysis by methylation are shown in Table 2 . H1R3Q9D1 was the RG component, the others were rich in GalA, and there was no rhamnose residue branched at the C-4 site. The structure of 1,4-linked xylan branching at the C-3 site of the GalA residue was suggested in H1R3Q9D5.
The sugar arrangement in each fraction analyzed by FAB-MS is shown in Fig. 5 . No results for the H1R3Q9D5 fraction, which contained a xylose residue as the main component sugar, could be obtained because there were insu‹cient signals for the analysis. The structures of the other fractions were then deduced from the results of the FAB-MS and methylation analyses. H1R3Q9D1 was composed of a double repeating unit of ª2)-Rha-(1ª4)-GalA-(1ª. H1R3Q9D7 and H1R3Q9D9 were composed of homogalacturonan linked to the C-2 site of the rhamnose in one RG unit, and the degree of polymerization (dps) values for GalA were estimated to be 7 and 9, respectively. The other fractions were also composed of homogalacturonan, which linked two RG units to each other, and the dps values were estimated The molecular masses and chemical structures of the galacturonate-rich fragments (H1R3Q9D1-H1R3Q9D9, except for H1R3Q9D5), were analyzed by FAB-MS by the method already described. to be in the range of 4 to 10.
Preparation and analyses of galactans composing the SSPS side chains
The main sugar components of SSPS were galactose and arabinose residues constructed on side chains branching from the rhamnose residue comprising the RG main backbone. As far as we investigated the structure of the side chains, only galactan chains were directly linked to the rhamnose residues, and arabinan chains were thought to branch from these galactans or from the non-reducing terminal of the galactose residues (C-4). We digested the main chain of SSPS, and prepared fragments composed of highly polymerized galactans. Puriˆed SSPS was digested with AFase and RGase, and the resulting saccharides were separated on a Sepharose CL-4B column. Two distinct fractions, AfR1 (MW＝ approx. 110,000, yield＝36.6z) and AfR2 (MW＝ approx. 15,000, yield＝52.0z), were obtained (data not shown). The sugar compositions are shown in Table 3 . AfR2 was further separated by ion-exchange (B) The AfR2Q3 fraction (4.0 ml in a 1z solution) was gel-ˆltered on a Bio-gel P-4 column by the method described in Fig. 1B . Fraction numbers 29-41 (S1), 42-50 (S2), 71-80 (S3), 84-96 (S4), and 102-120 (S5) were pooled.
(C) The S1 fraction or its products digested by GPase were put on a Bio-gel P-2 column (2.0 cm×100 cm) that had been equilibrated with deionized water. The ‰ow rate was 0.2 ml W min, and 3.0-ml fractions were collected. S1 was separated into two fractions, S1? (fraction nos. 81-105) and galactose (fraction nos. 120-140).
chromatography on a QAE-Sephadex A-50 column, and ten fractions were obtained (Fig. 6A ). AfR2Q1 and AfR2Q10 were respectively rich in undigested arabinose and galacturonic acid. Among these fractions, AfR2Q3, which was rich in GalA and GalA W Rha in a ratio of 15.3, was further separated by gelltration on a Bio-Gel P-4 column, and the highmolecular-mass fraction (MW＝À8,000) of S1 was obtained (Fig. 6B) . The molar ratio of Rha to GalA was approximately equal, and the galactose content amounted to 90z in S1 (Table 4 ). The galactose residues consisted of 1,4-linked galatan and were 47 times greater in molar ratio than the rhamnose residue which branched at the C-4 site. Moreover, the number of galactose residues was estimated to be 43 from the molar ratio of the terminal galatose to the C-4 branched rhamnose. The digestion products of S1 with GPase were separated on a Bio-Gel P-2 column, and the S1? fraction, which contained a fragment of the RG main chain, was obtained (Fig. 6C ). An FAB-MS analysis suggested that the structure of S1? was RhaªGalAªRha(Gal)ªGalA. These results indicated that the b-1,4-linked galactan side chain, which had not been modiˆed with arabinose or fucose, was presented in SSPS, and the dps was estimated to be about 43-47 residues.
Discussion
Soybean soluble acidic polysaccharides had a pectin-like structure, although the uronic acid contents were much lower than that of citrus pectin. The results from speciˆc and stepwise enzymatic degradation of SSPS, and from analyses of the generated fragments showed that the main backbone chain of SSPS consisted of rhamnogalacturonan (RG) and homogalacturonan (GN), the numbers of the diglycosyl repeating units, ª2)-L-Rhap-(1ª4)-D-GalA-, constituting RG being calculated as approximately 15, 28, and 100. The neutral sugar side chains consisted of b-(1ª4)-galactan, and a-(1ª3)-and a-(1ª5)-arabinan. 7) We used puriˆed RGase to clarify the structural details of RG branched with neutral side chains and the length of the GN backbone chains. The possible structure of the polysaccharides is shown in Fig. 7 .
The RGase-resistant fragments were obtained from the RG main chains (SSPS H1P1), the neutral sugar side chains and GN main chains of which had previously been removed, according to the method of Schols et al. 29, 30) The three fragments obtained (H1P1R3m, H1P1R4m, and H1P1R5m), which were puriˆed after modiˆcation of the reducing end with ABEE, were each analyzed for their molecular mass and sugar arrangement by FAB-MS. The result indicates that the RG main backbone of SSPS consisted of the basic RG structure, L-Rhap-(1ª4)-D-GalA-(1ª2)-L-Rhap-(1ª4)-D-GalA, which had been obtained with an RGase treatment described by Schols et al. 30) for RG (MHR-S) of carrot, onion, potato, and pear. Considering the galactose linkage to a rhamnose residue, the neutral sugar side chains of SSPS are present at the C-4 site of rhamnose on the main RG backbone (Fig. 2) . The RG fragments which were digested to lower molecular mass by the RGase treatment and analyzed by FAB-MS corresponded to 35z of H1P1 (5z of puriˆed SSPS). This value is similar to the yield of oligo RG (37z) that Schols et al. 30) had generated from MHR-S of apple pectin by RGase. These results indicated that the main RG chain of SSPS had a structure in common with citrus pectin. On the other hand, Huisman et al. 31, 32) analyzed the structure of CDTA-extractable soybean polysaccharided by digestion with hemicellulases, PGase or RGase. They reported that CDTAextractable polysaccharides were not digested with RGase. This result seemed to be caused by the solid obstacle of neutral sugar side chains, and suggested the possibility of diŠerence in the structure of galacturonan main chain between hot water-and EDTAextracted.
The sugar composition analysis indicated that the length of the main GN chains constituting SSPS were shorter than those of citrus pectin. H1, which was the puriˆed main backbone chain of SSPS, was further digested with RGase, and the generated GN fragments analyzed, including the partial RG structures. The GN components linked to each other by inter-vention of the RG chains seemed to correspond to 3.6z of H1, and the dps of GalA was estimated to be 4-10 residues. Moreover, GN components that were presented at the non-reducing end of H1 were generated (0.8z of H1), and the dps of GalA was estimated to be 7 or 9 residues. Structural details about pectic RG have been extensively reported, but little information has been reported about the length (dps) of pectic GN. Powel et al‚ 33) have reported that the dps of homogalacturonans, which are partial acid degradation products of citrus, apple, or sun‰ower pectin, were about 25 residues. Thibault et al‚ 34) have analyzed the molecular masses of partial acid degradation products of apple, citrus, and beet pectic acid by gel-ˆltration chromatography, and reported the dps of GN to be approximately 72-100 residues. We were able to clarify the actual length of the GN constituting SSPS by using RGase digestion and an FAB-MS analysis of the generated fragments. Almost all the SSPS main chains were composed of RG. The dps of GN seemed to be 4-10 residues, and was shorter than that of the various pectins previously reported. H1P1R1 contained a xylose residue (6.8z) which was digested by a RGase treatment from H1P1, and seemed to modify the RG backbone as side chains. A GN fragment highly modiˆed with xylose (H1R3Q9D5) was obtained, and the molecular mass was estimated to be about 3,500 by gel-ˆltration chromatography on a Bio-Gel P-2 column (data not shown). The structure predicted from methylation (Table 4) suggested that 1,4-linked xylan branched at the C-2 site of xylose was linked to the C-3 site of galacturonic acid constituting the main GN chains. Kikuchi et al‚ 6) have found b-Xyl-(1ª3)-GalA and bXyl-(1ª3)-GalA-(1ª4)-GalA from an acidic polysaccharide of soy sauce. The xylan chains were possibly digested under the acidic conditions used to obtain the previous fragments, so some galacturonic acid of SSPS seems to have been modiˆed not with the xylose monomer but with a branched xylan.
We have already reported that the average dps of galactan side chains linked to the main RG chains was approximately 29 residues, this being calculated from the numbers of galactose residues against that of C-4 branched 1,2-rhamnose residues. 7) In this study, the RG chains branched with long galactan side chains were obtained from SSPS by enzymatic degradation of the arabinan side chains and main backbone. The galactan obtained had a linear structure consisting of 1,4-linked b-D-galacose residues, and the dps was estimated to be approximately 43-47. Thoman et al. 35) have reported that the dps of the galactan chain (not pectic) obtained from the bark of the white willow was about 33 residues. In respect to the pectic galactan chains which were linked to the galacturonan chains, McNeil et al. 36) have reported that the average dps of galactans was approximately 7 residues, in their structural study on pectin from sycamore cells. The galactan chains of SSPS seemed to have the highest dps as pectic galactans, and similar dps to non-pectic galactans. Among the digestion products of the H1P1 fraction ([-4)-DGalA-(1ª2)-L-Rhap-(1-]n, n＝100) by RGase, the highest molecular mass fraction (MWÀ8,000, 24.5z of H1P1) contained appreciable amounts of fucose, arabinose, galactose, xylose, and glucose residues. Considering the resistance to the action of RGase, these neutral sugars were considered to be attached at sites close to the galacturonan backbone chains, and structural datails remain to be studied.
